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Abstract: We have performed two sets of experiments looking at laser-driven
radiating blast waves. In one set of experiments the effect of a drive laser’s passage
through a background gas on the hydrodynamical evolution of blast waves was
examined. It was found that the laser’s passage heats a channel in the gas, creating a
region where a portion of the blast wave front had an increased velocity, leading to the
formation of a bump-like protrusion on the blast wave. The second set of experiments
involved the use of regularly spaced wire arrays to induce perturbations on a blast wave
surface. The decay of these perturbations as a function of time was measured for various
wave number perturbations and found to be in good agreement with theoretical

predictions.



Physicists and astronomers have long been studying the stability of shock waves'
*. In particular, there are several instabilities of interest associated with the formation and
evolution of shock waves produced by supernovae, i.e. supernova remnants(SNRs)>’.
One important hydrodynamic feature associated with some radiative SNRs, an
overstability proposed by Vishniac et al. about 20 years ago, arises from a mismatch
between the ram and thermal pressures at the surface of a blast wave which can cause a
growing, oscillating ripple on that surface>®’. Radiative SNR shocks are cooler and
more compressible than non-radiative SNR shocks, leading to a thinner blast front which
is susceptible to this Vishniac overstability®. The Vishniac overstability may be
responsible for the large scale structure seen in some radiative SNRs, and may also play a
role in the formation of stars*’,

Vishniac et al. made quantitative predictions for the temporal evolution of small
perturbations on a blast wave front and derived the growth rate of the overstability as a
function of the effective adiabatic index of the shocked material and wave number of the
oscillation’. There have since been several attempts to confirm these growth rates both
through simulation and experiment. The appearance of the Vishniac overstability in both

1'°, who observed

1-D and 2-D astrophysical simulations was seen by Blondin et a
perturbations on the order of 10% of the blast wave radius growing from a 1% density

perturbation seed using the numerical hydrodynamics code VH-1. MacLow and Norman
ran simulations'' using the numerical gas dynamics code ZEUS-2D which confirmed the

theoretical growth rates of Vishniac et al. assuming the amplitude of the ripple was small

compared to the blast waves’ radius.



Most experimental attempts to see the Vishniac overstability have used laser

1213 These experiments

irradiation of a target to create a blast wave in a background gas
take advantage of a laser’s ability to deliver a large amount of energy to a small focal
spot in a time span short compared to the evolution of the resulting explosion. There are
several complications associated with these experiments that make it difficult to measure
the growth rate of the overstability. The first complication for laser experiments in
spherical geometry', as opposed to cylindrical geometry'?, is the effect of the laser’s
passage on the background gas, which can pre-ionize the gas. A second complication to
experimental observation is that if the overstability grows from noise it is difficult to
achieve large growth in the limited lifetime of the experiments. In this paper we describe
experiments where we have looked at both of these issues and explored the evolution of
perturbations by inducing ripples on a blast wave using regularly spaced wire arrays.
Some of the data described here was acquired on the Z-Beamlet'* laser at Sandia
National Laboratories, which fired 500J-1000J, 1ns pulses of 1054nm wavelength. The
remainder of the data was taken on the Janus laser'” at Lawrence Livermore National
Laboratory, which fired 10J-150J, 1ns laser pulses at 527nm wavelength. These pulses
illuminated 500 micron diameter cylindrical solid targets immersed in 5-10 Torr of
nitrogen or xenon gas. The resulting explosions created the blast waves that we studied.
The setup used is diagramed in Figure 1. The inset in Figure 1 shows the main diagnostic
employed: a dark-field telescope. This diagnostic is used in conjunction with a probe
laser and is sensitive to density gradients, such as those that occur at the edge of a blast
wave. The probe laser used with Z-Beamlet fired ~80 mJ, 150ps pulses at 1064nm. The

probe laser used with Janus fired ~10mJ, 2ns pulses at 527nm. These lasers could be



fired at a variable interval after the drive laser allowing us to examine the evolution of
our blast wave over several microseconds. For part of the experiments, regularly spaced
wire arrays were used to induce single frequency perturbations on blast waves. The wire
array contained a square of open space approximately 3cm on a side through which 30
gauge tin-copper wire was strung. The wires were spaced 2, 4, or 6mm apart,
corresponding to induced perturbations with spherical numbers of ~28, 14, and 9 given
the size of the blast wave at the time it intersected the array.

The first experiments were performed without the wire array and looked at the
evolution of the radius of the blast wave as a function of time. The position of any
feature of a blast wave, such as the blast wave front, will evolve as R(?) = f¢*. Blast
waves that do not lose or gain a significant fraction of their initial energy during their
evolution, i.e. those where radiation does not play an important role in the
hydrodynamics, follow the Taylor-Sedov solution, where a=0.4 '°. In blast waves where
radiation is important, a solution with a lower a will be followed, as the energy loss via
radiation causes these blast waves to slow down more quickly. Therefore the trajectory
of a blast wave can show the importance of radiation on its hydrodynamics.

Images of blast waves produced by 1000J laser pulses at various times along with
a measured trajectory are shown in Figure 2 with 10 Torr of nitrogen as the background
gas and in Figure 3 with 10 Torr of xenon as the background gas. The trajectory in
nitrogen follows a t’* trajectory to a high degree of accuracy over its entire history. In
contrast, while xenon at late times (>400ns) may expand as t**, at earlier times the
trajectory appears to exhibit a lower a.. This lower exponent most likely arises from the

fact that energy losses via radiation have an effect on the hydrodynamics of the blast



wave. Another indication that radiation plays a much larger role for blast waves in xenon
than in those traveling through nitrogen is the radiative precursor. When a blast wave
radiates, some of the energy is absorbed by the background gas, creating a heated,
ionized region in front of the blast wave. This ionized region shows up as a bright area
on the dark field images. In Figure 2, while there is a noticeable glow surrounding the
blast waves it is localized to the region immediately surrounding the blast wave, never
extending more than 7 mm away from the edge of the blast wave. This can be contrasted
with Figure 3, where the precursor region extends off the field of view, at least several
cm, demonstrating a significantly greater amount of radiation emitted from blast waves in
xenon.

Another feature of note from these images is the presence of a “bump” feature on
the laser side of the blast waves, especially those in xenon gas. A closer look at an
example of this feature can be seen in Figure 4. A qualitatively similar feature occurs for
blast waves in xenon at all drive laser energies from 10J-1000J and always occurs along
the path of the laser focal cone. This feature arises from the interaction of the laser with
the background gas. As the laser passes through the background gas, it heats and ionizes
the gas it passes through. This creates a warm, lower density channel of gas where the
blast wave will travel faster than in other regions, which results in the bump like feature
seen in the data. Simulations on this phenomenon were performed using CALE, the
Lawrence Livermore National Laboratory 2-D arbitrary Lagrangian Eulerian (ALE) code
with a tabular equation of state (EOS) and interface tracking'’. They indicate that for a
1007J drive laser pulse, the laser channel region is heated to up to 12eV, comparable to

what we expect the temperature of the shock heated gas to be.



For the next set of experiments we placed wire arrays in the path of blast waves
produced by 1000J laser pulses in order to induce perturbations. When we did this for
blast waves traveling through xenon, the radiation from the blast wave ablated the wire
array, creating secondary blast waves that interfered with our main blast wave until they
were outside our field of view. The formation of these secondary blast waves is
illustrated in Figure 5. For blast waves traveling through nitrogen, we expected that the
induced perturbations would decay away over time. Because radiation does not appear to
play an important role in the energy dynamics of these blast waves, their blast fronts
should be too thick for growth of the Vishniac overstability to occur. However, the
radiative precursor around the nitrogen blast wave images in Figure 2 indicates that some
radiation is emitted, which could lower the effective adiabatic index somewhat, resulting
in slightly thinner blast waves. The adiabatic index for a perfect monatomic gas is 1.66
and we would expect that our adiabatic index would be somewhere between this value
and 1.2, the value where growth begins to occur for the Vishniac overstability. Some of
the images corresponding to each of our wire arrays are shown in Figure 6. In each case
the induced perturbations clearly damp out, matching our intuition.

In order to measure the rate of this decay, we traced out the edge of the blast
waves in polar coordinates. We Fourier transformed this curve to select the frequency
corresponding to our wire array wave number. An example of the results of this
procedure is shown in Figure 7. After we determined the amplitude of the frequency
component of interest to us, we plotted this amplitude relative to the radius of the blast
wave as a function of time and fit this data with a function of the form R/A= C*t’. The

results of this for the 6mm array are shown in Figure 8. We compared these results to



theoretical predictions for p as a function of spherical wave number _ from Vishniac et
al’. This comparison is illustrated in Figure 9. Here we see the experimental data
compared to theoretical predictions for various adiabatic indices. The best agreement
occurs for an effective adiabatic index of 1.4-1.5. This agrees well with our intuition for
the nitrogen gas in our experiment. In order to better determine the adiabatic index of our
gas, we are currently performing simulations using the Hyades code'®, a 1-D Lagrangian
hydrodynamics code with tabular equation of state.

We have performed experiments designed to look at two complications that arise
in the study of laser-produced blast wave studies of the Vishniac overstability. The first
is the effect of the laser passage on the background gas in the experiment. We find that
the passage of the drive laser beam in these experiments can create a warm, low density
channel of gas that creates a region where the blast wave moves faster relative to the rest
of the blast wave surface, creating an artificial bump-like feature. The second set of
experiments have induced perturbations on blast waves and measured the resulting decay
rate. We have compared this result to theoretical predictions relevant to the Vishniac
overstability’ and found good agreement. These results suggest that there are a wealth of
physical processes occuring in laser-driven blast wave experiments. These processes can
have unanticipated consequences, as illustrated by the formation of secondary blast

waves on our wire array, produced by radiation from the primary blast wave in xenon.
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Figure 1: Experimental setup for laser-produced blast wave experiments. The 10J-

1000J, 1ns drive beam enters one side of the chamber, illuminating a 0.5mm solid
target and creating a blast wave. A variable time later a probe laser is fired and
comes in perpendicular to the drive beam, imaging the blast wave. Inset:

Diagram of dark field telescope. Light that goes through the experiment



undeflected gets blocked by a beam block at the focus of the imaging telescope.

Deflected light shows up as a bright area on the CCD.

Figure 2: Images of blast waves in nitrogen at 25ns, 100ns and 300ns after a 1000J drive
beam has hit a 0.5mm nylon target. Bottom panel is a graph of the radius of the
blast waves as a function of time. It shows that the blast waves follow a t**
trajectory indicating that radiation losses do not play an important role in the

hydrodynamics of the blast waves.

Figure 3: Images of blast waves in xenon at 50ns, 200ns, and 800ns after a 1000J drive
beam has hit a 0.5mm nylon target. Bottom panel is a graph of the radius of the
blast waves as a function of time. It shows that the blast waves follow a trajectory
slower than t** before ~400ns, indicating significant energy losses due to

radiation.

Figure 4: Zoomed in view of bump feature on blast wave 400ns after 1000J laser pulse
illuminated a 0.5mm nylon target. Feature is caused by a portion of the blast

wave front moving faster in the region heated by the drive laser’s passage.

Figure 5: 9mm spaced wire array in xenon gas 700ns after 1000J laser pulse illuminated

0.5mm nylon target. The main blast wave is just passing the wire array.



Additional blast waves created by radiation from the main blast wave have

already formed around each wire in the array and are moving outward.

Figure 6: Evolution of perturbations on blast waves produced by a) 2mm, b) 4mm, and c)
6mm spaced wire arrays. The perturbations damp out with time due to the high

effective adiabatic index of the nitrogen gas.

Figure 7: Top panel is the coordinates of the edge of a blast wave moving past a 6mm
spaced wire array in polar coordinates. The bottom panel is the Fourier transform
of the same shot. Highlighted is a peak at a wave number of ~9, which

corresponds to the wave number of the induced perturbation of the wire array.

Figure 8: Amplitude of perturbations induced by a 6mm spaced wire array on a blast
wave traveling through nitrogen as a function of time. The measured decay rate

can be compared to theoretical predictions.

Figure 9: Comparison of experimental results to theoretical predictions for decay rates as
a function of wave number of perturbations for blast waves traveling through
nitrogen. The experimental results match well to theoretical predictions for a gas

with an adiabatic index of 1.4-1.5.
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